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ABSTRACT
Background: 3,4-methylenedioxy-

methamphetamine or MDMA (also known
as “ecstasy” or “molly”) is a commonly
abused drug that affects behavior and can
lead to neuronal damage. Intermittent
feeding is an effective dietary protocol that
promotes neuroprotection and improves
behavioral outcomes in animal models of
neurotoxicity and neurodegenerative
diseases. In this study, we investigated the
behavioral and histological outcomes of
the effect of intermittent feeding  on the
orally administered MDMA in mice.

Methods: The animals (male albino
mice) were divided into four groups: ad
libitum (AL), intermittent feeding (IF) (food
given every other day), and AL and IF
control groups. After five weeks, AL and IF
groups were given a single oral dose of 20
or 60mg/kg MDMA. Behavior was
assessed with the elevated plus-maze and
the open field tests. Each of the treatment
groups were then divided in to two groups:
AL-AL (AL diet throughout), AL-IF (IF after
MDMA administration), IF-IF (IF diet

throughout), IF-AL (AL after MDMA
administration). The second behavioral
assessment was performed on ninth and
12th day after MDMA administration. The
brains were then prepared with cresyl fast
violet stain for stereology of the CA1 area
of hippocampus. 

Results: The AL groups showed
enhanced locomotion and anxiety
compared to the IF (p<0.001); however, IF
groups showed significantly (p<0.05) more
locomotor activity and less anxiety
recovery at ninth and 12th days compared
to the AL animals. The neuronal numerical
density was significantly (p<0.05) higher in
the hippocampus in the AL-IF groups
compared to the AL-AL. 

Conclusion: IF regimen can
significantly modify various behavioral
characteristics induced by MDMA and
promotes faster recovery from MDMA’s
anxiogenic effects. Additionally, IF regimen
had neuroprotective effects on the neurons
of the CA1 area of the hippocampus after a
single oral dose of MDMA. We believe the
results of our study support the need for
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O R I G I N A L  R E S E A R C H

Behavioral and Stereological
Analysis of the Effects of
Intermittent Feeding Diet on
the Orally Administrated MDMA
(“ecstasy”) in Mice
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further research examining the behavior
modifying and neuroprotective potential of
the IF regminen for the treatment of drug
addiction in humans.  

INTRODUCTION
MDMA, or 3,4-methylenedioxy-

methamphetamine, is a chemical
compound that is commonly used as a
psychoactive recreational drug of abuse.
Its reported effects are enhanced energy,
endurance, sociability, psychodelic
hallucinations, and sexual arousal.1,2

“Ecstasy” (also known as “XTC,” “E,” or
“X”) and “molly” are popular “street”
names for MDMA, though it’s important
to note that some formulations of
ecstacy/molly may be contaminated with
other amphetamines or may not actually
contain 3,4-methylenedioxymeth-
amphetamine at all.2,3 MDMA is usually
consumed orally in 80 to 250mg tablet
form (rarely capsules). Often 2 to 3
tablets are taken together.4 MDMA is
listed as a Schedule 1 drug by the
United States Drug Enforcement Agency,
meaning that currently there are no
accepted medical uses for MDMA in the
United States, there is a lack of accepted
safety for use under medical
supervision, and there is a high potential
for abuse.5 However, MDMA is currently
being studied for its potential use in the
treatment of certain psychiatric
disorders, particularly posttraumatic
stress disorder.6

MDMA facilitates serotonin (5-HT)
neurotransmission and, to a lesser extent,
the release of dopamine (DA) and
noradrenaline (NE) from their respective
axon terminals. MDMA acts by indirectly
increasing serotonin at the synaptic cleft
by binding to, and thus inhibiting, the 5-
HT transporter involved in its reuptake.2,4

In humans, even when taken in moderate
doses for recreational purposes, MDMA
may produce undesirable effects including
anxiety, depression, impulsiveness,
aggression, and deficits of memory and
awareness. These effects are thought to
be due to the known neurotoxic properties
of MDMA, especially on the serotonin (5-
HT) system in the forebrain.2,7 The target
areas of MDMA in the brain include the
cerebral cortex and the hippocampus,
both important for learning and memory
functions.4

MDMA neurotoxicity and its various
behavioral effects have been investigated
in several studies using different mice
strains, including C57BL/6J, BALBC,
Swiss Webster and NIH/Swiss mice.8–11

Animal studies from different species
have shown that MDMA induces
anxiogenic effects.12 These effects are
evaluated by various tests, including
functional observational battery, models
of anxiety, locomotor activity, and the
elevated plus maze test.3 The animals
typically show decreased open-arm
entries and increased enclosed entries
that are indicators of anxiogenic
effects.12 Acute MDMA effects also
include a dose-dependent
hyperlocomotor response.4

At the cellular level, MDMA can lead
to toxic effects on neurons associated
with various neurotransmitter systems,
including nigrostriatal and mesolimbic
dopaminergic pathways.11,13–15 In mice,
neurons of the CA1 area of hippocampus
are more vulnerable than those in the
adjacent regions and cortex.16 Oxidative
stress plays a major role in MDMA-
induced neurotoxicity, and in various
experimental studies mice have shown
that MDMA increases free radicals and
oxidative stress.9,17,18 These findings
indicate a higher susceptibility of the
hippocampus to oxidative stress and are
a primary target of MDMA in mice.8,19–21

Additionally, MDMA has a suppressive
effect on neurogenesis in the
hippocampus in mice.22

Calorie restriction (CR) is defined as
the reduction in caloric intake without
malnutrition. Intermittent feeding (IF) is
a form of CR where meals are not
limited in calories but decreased in

frequency, such as alternate days of
feeding. IF has been shown to increase
the lifespan in humans, mice and other
animal species and may ward off many
neurodegenerative disorders.23,24,25,26,49 It
has been shown that IF is more effective
than limited daily feeding in protecting
the hippocampal neurons against
excitotoxic injury in mammals, including
humans and mice.27–29 IF protects
neurons against various toxic insults
through various cellular, molecular, and
genetic mechanisms and increases the
ability of the brain to restore its function
after injury.30–32 In animal models of
aging and neurotoxic studies, CR
protected hippocampal, striatal, and
cortical neurons and ameliorated
functional decline.33 Short-term CR has
been reported to increase neurogenesis
in the dentate gyrus of young mice and
rats as well as increase the thickness of
the CA1 pyramidal cell layer in the
hippocampus of mice.33,34

Mechanisms of neuroprotection of IF
diet on the CA1 area of the hippocampus
in mice include reduction in oxidative
stress and increased hippocampal
neurogenesis.33–40 Dietary restriction (DR)
also increased thickness of the CA1
pyramidal cell layer and induced
expression of heat-shock protein 70 and
glucose-regulated protein 78 in
dopaminergic neurons, suggesting the
involvement of these cytoprotective
proteins in its neuroprotective
actions.33,41

Additionally, CR has also been
reported to modify pharmacological
effects and induction of mood-elevating
and analgesic effects in humans,
demonstrated antidepressant and

FIGURE 1. The experimental design of study
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anxiolytic effects in various animal
models, and increase incentive
motivational responses in humans and
rodents.42

In this study, we investigated the
behaviorial effects via the CA1
hippocampal region of an IF diet versus
an ad libitum (AL) diet on albino mice
who were acutely administered a
neurotoxic dose of MDMA. Since MDMA
is commonly used as a recreational
drug, especially amound young
populations, this study provides insight
into the potential use of CR diet as a tool
for drug addiction treatment. Additional
research is warranted.  

METHODS
Animals. All the experiments were

carried out on male albino mice
(N=140). The animals were purchased
from Tehran Pasteur Institute. They were
housed in groups of eight, and all were
maintained under constant temperatures
of 22 to 24 ºC and a 12 hours of light/12
hours of dark cycle (7am–7pm or 0700–
1900 hours). The animals were
maintained under these conditions for
about one week before the starting the
experiments. Animal treatment and
experiments were carried out according
to the policies of the Institutional Animal
Care and Use Committee for the Society
for Neuroscience (Washington, DC). The
research project was approved by the
Medical Research Ethics Committee of
the Shiraz University of Medical
Sciences in Tehran, Iran.

Drug. MDMA tablets were provided
by the Antinarcotics Police (Applied
Research Unit, Tehran, Iran). Purity of
the compound, 
(±)-MDMA hydrochloride, (DL -3,4-
methylenedioxymethamphetamine) was
verified by LC-mass (quantitative
analysis) and GC-mass (qualitative
analysis) by the same organization as
per our request, and no contaminants
were detected (see Khajeamiri et al42).

(±)-MDMA hydrochloride was
dissolved in 0.9 percent NaCl to the
concentrations of 20 and 60mg/kg.
These doses were chosen according to
the reports published previously.22,44

Since small mammals eliminate drugs at
a faster rate than large mammals, to
achieve a similar effect seen in humans,

FIGURE 2. Time percentage spent in open arms (in seconds) of plus-maze of AL and IF
groups, 30 minutes after MDMA gavage. Ad libitum (AL), Intermittent feeding (IF), Control
(C).(Analysis was done by one-way ANOVA; significance was determined by post hoc Tukey
test)
*Significant difference between the IF and AL groups (20 mg/kg).(*** p < 0.001)                           
#Significant difference between the IF and AL groups (60 mg/kg).(### p < 0.001) 
★Significant difference between the IF C and IF groups (20 and 60 mg/kg).(p < 0.001) 
★★Significant difference between the AL C and AL groups (20 and 60 mg/kg).(p< 0.001)

FIGURE 3. Time percentage spent in open arms (in seconds) of plus-maze AL-AL, AL-IF, IF-
IF and IF-AL subgroups, 12 days after MDMA gavage. Ad libitum (AL), Intermittent feeding
(IF), Control (C).(Analysis was done by pairwise comparison one-way ANOVA followed by
post hoc Tukey test).
*Significant difference between the IF-IF and IF-AL subgroups (20 mg/kg).(*** p < 0.001) 
^Significant difference between the AL-AL and AL-IF subgroups (20 mg/kg).(^^ p< 0.01)                            
#Significant difference between the AL-AL and AL-IF subgroups (60 mg/kg).(### p < 0.001)
+Significant difference between the IF-IF and IF-AL subgroups (60 mg/kg).(+++ p<0.001)
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higher doses of drugs were required
as estimated according to the
relationship Dhuman=Danimal
(Whuman/Wanimal)0.7 where D=dose of
drug in milligrams and W=body
weight in kilograms. Ecstasy tablets
have been reported to generally
contain between 80 and 250mg of
MDMA, and 2 to 3 tablets are
typically taken together.3 Based on
this knowledge, the doses selected
for the mice were approximately
equivalent to an acute dose of 391mg
and 1,174mg in a 70kg human or
5.610-3mg/kg and 1.610-2mg/kg.
Due to the much slower elimination
of MDMA in humans, our scientific
rationale was to administer higher
doses the mice.45 We selected the oral
route for our study because MDMA is
typically taken by mouth in humans.
Vehicle (0.9% NaCl) was
administered alone to the mice in the
control group.

Diet. For the induction of dietary
caloric restriction, we used the IF
protocol in this study.46,50 Mice were
weighed and divided in four groups;
AL treatment, AL control, IF
treatment, and IF control. The mice
were put on either an AL or IF diet at
eight weeks of age with a weight of
about 20 to 25g. The AL group mice
had free access to food, while the IF
group mice were maintained under an
alternate day feeding schedule
(allowed access to food AL every
other day) for five weeks.47 Both
groups were fed with a standard
laboratory mouse chow. For the IF
groups, food was added or removed
at 8am, and the animals were
weighed every week. Previous studies
have shown that rodents fed on IF
protocol will consume 30 to 40
percent less calories over time
compared to AL rodents, and have
about 20-percent reduction of body
weight.48,49

We begain our experiments after
about five weeks of maintaining the
mice on their regimens, with a weight
difference of about 25 to 30 percent
less in the IF (26.1±2.3g) group
compared to the AL group
(36.4±4.1g). Food was withdrawn
from mice in AL and IF groups six

FIGURE 4. Locomotor activity in open field test (Total distance travelled in cm) between AL
and IF groups during 60 minutes immediately after MDMA administration. Ad libitum (AL),
Intermittent feeding (IF), Control (C). (Analysis was done by one-way ANOVA; significance
was determined by post hoc Tukey test).
^Significant difference between AL C and IF C groups.(^^^ p < 0.001) 
*Significant difference between the IF and AL groups (20 mg/kg).(*** p< 0.001) 
#Significant difference between the IF and AL groups (60 mg/kg).(### p <0.001)
★Significant difference between the IF C and IF groups (20 and 60 mg/kg).(p< 0.001)
★★Significant difference between the AL C and AL groups (20 and 60 mg/kg).(p< 0.001) 

FIGURE 5. Rearing behavior in the open field (number) between AL and IF groups during 60
minutes immediately after MDMA administration. Ad libitum (AL), Intermittent feeding (IF),
Control (C). (Analysis was done by one-way ANOVA; significance was determined by post
hoc Tukey test).
^Significant difference between AL C and IF C groups. (^^^ p < 0.001) 
*Significant difference between the IF and AL groups (20 mg/kg). (*** p< 0.001) 
#Significant difference between the IF and AL groups (60 mg/kg). (### p <0.001) 
★Significant difference between the AL C and AL (20 and 60 mg/kg).(*** p < 0.001)
★★Significant difference between the IF C and IF (20 and 60 mg/kg).(### p < 0.001)
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hours prior to experimental
treatment.50,51

Experimental groups. The animals
were divided into four groups (for open
field and plus maze separately): AL, IF
(every other day diet), and two control
groups: AL C and IF C. After five weeks,
the food was withdrawn from the mice
in AL (n=56) and IF (n=64) groups, and
six hours later MDMA was administrated
by gavage.48,50,51 The AL and IF animals
were divided into two groups; each
group (AL=28, IF=32) was given a single
dose of 20 or 60mg/kg MDMA orally.
The control mice (both AL C and IF C [n
= 12]) were given saline orally. The
animals of AL and IF groups were
further divided into two groups for
behavior assessment: elevated plus
maze (AL=14, IF=16) and open field test
(AL=14, IF=16). These two behavioral
tests were performed on separate days.
All animals (AL and IF) were then further
divided into four groups each of 20 and
60mg/kg: AL-AL (AL diet throughout,
n=7) and AL-IF (IF after MDMA
administration, n=7), IF-IF (IF diet
throughout, n=8), and IF-AL (AL after
MDMA administration, n=8). The second
behavioral assessment was performed
on ninth day (open field) and 12th day
(elevated plus-maze) after MDMA
administration. The brains of the animals
(n=2 for each group) were then prepared
for histological study of the
hippocampus with cresyl fast violet
stain. The experimental design of the
study is illustrated in Figure 1.

Elevated plus maze. Anxiety-like
behavior was also examined with the
elevated plus maze test. The elevated
plus-maze (EPM) was made of black
Plexiglas and consisted of two opposing
open arms (30×5cm, surrounded by a
0.25cm high border) and two enclosed
arms (30×5cm, surrounded by 15cm
high walls) that joined at a central
square area (5×5cm) and raised 50cm
above the room floor by means of a
stand. Three white 47-watt fluorescent
lamps provided the only source of light
in the testing room. Thirty minutes after
gavage of MDMA, a single mouse was
placed onto the central area of the maze
facing an open arm and allowed to freely
explore the maze. The animal was
recorded for five minutes by the video

FIGURE 6. Locomotor activity in open field test between AL-AL, AL-IF, IF-IF, IF-AL subgroups
9 days after MDMA administration. Ad libitum (AL), Intermittent feeding (IF), Control (C).
(Analysis was done by one-way ANOVA; significance was determined by post hoc Tukey
test).
^Significant difference between the AL C and IF C groups.(^^^ p<0.001)
*Significant difference between the AL-AL and AL-IF subgroups (20 mg/kg).(*** p<0.001) 
#Significant difference between the IF-IF and IF-AL subgroups (20 mg/kg).(### p<0.001)
+Significant difference between the IF-IF and IF-AL subgroups (60 mg/kg).(++ p<0.01)

FIGURE 7. Rearing behavior in the open field (number) of AL-AL, AL-IF, IF-IF and IF-AL
subgroups, 12 days after MDMA gavage. Ad libitum (AL), Intermittent feeding (IF), Control
(C).(Analysis was done by one-way ANOVA; significance was determined by post hoc Tukey
test).
^Significant difference between the AL C and IF C. (^^^ p< 0.001) 
*Significant difference between the AL-AL and AL-IF (20 mg/kg).(*** p < 0.001)                           
#Significant difference between the IF-IF and IF-AL (20 mg/kg).(### p < 0.001)
+Significant difference between the AL-AL and AL-IF (60 mg/kg).(+ p< 0.05)
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camera. After removal of each animal,
the maze was cleaned with a wet cloth
and wiped dry. The behaviors of the
mice recorded on videotapes were later
scored by a trained observer blinded to
the treatments. The number of entries
and the amount of time spent in each
zone was recorded. Behavioral measures
included percent time spent in open
arms (% open time) expressed as a
percentage of total time on both open
and enclosed arms. Arm entry was
defined as all four paws having crossed
the dividing line between an arm and the
central area. This test was repeated on
12th day after MDMA gavage for
recording its effects during recovery
period.52,53

Open field. Locomotor activity was
assessed by the open field test (OFT).
The recording area was limited by gray
Plexiglas (40cm×40cm×40cm). A
painted grid divided the Plexiglas floor
into 16 identical squares each measuring
10cm×10cm. The Plexiglas floor was
located on a table 50cm above the floor,
and was illuminated by three white 40-
watt fluorescent indirect and
homogenous lamps. Black curtains
surrounded the recording area, and
behavior was monitored using an
overhead video camera. Following
gavage of MDMA, the mice were
immediately placed in the open field and
behaviors were monitored for 60
minutes by the experimenter.54 Animals
were re-tested on ninth day post-gavage
to assess effects on locomotor activity
during recovery period.55 Mice were
monitored for frequency of line-crossing
and rearing behaviors. Frequency of
these behaviors was assessed in the
peripheral zone (defined as the 12
squares directly adjacent to the walls)
and central zone (all remaining
squares).2

Tissue fixation and Nissl staining.
After the second behavioral assessment,
the mice were anesthetized with
ketamine 100mg/kg and xylesin
10mg/kg i.p and perfused transcardially
with 0.9% saline, followed by 10%
buffered formalin. Brains were
immediately removed and post-fixed in
the same fixative overnight at 40ºC. The
brains were then embedded in paraffin.
They were coronally sectioned 30 m

thick and stained with Nissl stain (Cresyl
fast violet). The sections containing the
hippocampus from the anterior to
posterior parts were taken according to
the mouse brain atlas of Paxinos.56 Cell
count of the hippocampal CA1 neurons
was then undertaken using stereology.

Stereological analysis. The
numerical density of the hippocampal
CA1 neurons was estimated using the
optical dissector technique.57,58 The
optical dissector setting included an
Eclipse microscope (E200, Nikon,
Tokyo, Japan) with a high-numerical-
aperture (NA=1.25)×100 oil-immersion
objective with a video camera that was
connected to a monitor and an
electronic microcator with digital
readout (MT12, Heidnehain, Traunreut,
Germany) for measuring the movements
in the Z-direction with 0.5- m precision.
A computer-generated counting frame
was superimposed on the screen using
a stereology software system
(Stereolite, SUMS, Shiraz, Iran). The
neuronal density was defined with
following formula: NV=ΣQ/[ΣP×a(f)×h],
where ΣQ is the number of neurons
counted within the sampling volume,
ΣP is number of dissector,

a(f)=0.0033mm2 is the area of the
sampling frame, and h=0.01mm is the
height of the dissector.59 Neuronal nuclei
were counted in approximately 600 (±1)
of the sections evaluated during the
entire experiment, counting all the
groups and 20 (± 5) optical dissectors
per hippocampus in each animal,
providing the mean the coefficient of
error (CE) on the estimates of total
number of eight percent. 

Cells were identified as neurons if
they had a nucleolus, dendritic
processes, euchromatin material within
the nucleus, and nuclei surrounded by
cytoplasm.60,61 This study was based on
a systematic, uniform, random sampling
that allowed unbiased and efficient
estimates of all parameters under study
to be obtained. Cell counts were
performed in the CA1 region of the
hippocampus on both sides.

Chemicals. All the chemicals were
purchased from Sigma Chemical
Company unless otherwise mentioned.

Statistical analysis. Data are
expressed as the mean ± standard error
of the mean (SEM). Statistical
significance was determined by pairwise
comparison with one-way ANOVA

FIGURE 8. Numerical density (neuron/mm3) of hippocampal CA1 neurons of AL-AL, AL-IF,
IF-IF and IF-AL subgroups. Ad libitum (AL), Intermittent feeding (IF), Control (C).(Analysis
was done by one-way ANOVA; significance was determined by post hoc Tukey test).
#Significant difference between the AL-AL and AL-IF subgroups (20 and 60 mg/kg).(### p <
0.001) 
★Significant difference between the AL C and AL-AL subgroups (20 and 60 mg/kg).(p< 0.05)
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followed by the post-hoc Tukey test and
a probability of less than 0.05 was
considered to indicate significant
difference between the groups’ means.
Statistical analysis was performed using
SPSS ver. 15.0 (SPSS Inc., Chicago, IL,
USA). 

RESULTS
EPM test-acute test. MDMA affected

acute EPM behavior in a dose-
dependent manner: In AL groups, both
of 20 and 60mg/kg, open arm time
percentage was significantly decreased
(p< 0.001) compared to vehicle and IF
groups. However, open arm time
percentage in IF groups was
significantly increased (p< 0.001)
compared to the IF control and AL
control groups (Figure 2).

EPM test 12 days after treatment. At
both doses, AL-IF subgroups compared
to AL-AL subgroups (with 20mg/kg,
p<0.01 and with 60mg/kg, p<0.001) and
IF-IF subgroups compared to IF-AL

subgroups (p<0.001) spent significantly
more time in open arm (Figure 3).

OFT—acute test. Total traveled
distance and rearing behavior in the IF
control group was increased significantly
(p<0.001) compared to the AL control
group. 

The MDMA affected locomotor activity
in a dose-dependent manner: In AL groups
at both 20 and 60mg/kg, the total traveled
distances were significantly increased
(p<0.001) compared to the vehicle. Also,
total traveled distances in IF groups were
significantly increased (p< 0.001)
compared to the IF control and AL control
groups (Figure 4). 

At both the doses, the rearing behavior
was significantly decreased (p<0.001) in
AL test groups compared to the AL control
group. Also the IF test groups showed
significant decrease (p<0.001) in rearing
behavior compared to the IF control group;
however, rearing behavior increased
significantly (p<0.001) when compared to
the AL groups (Figure 5).

OFT—Nine days after treatment. At
both the doses, AL-IF subgroups
compared to AL-AL subgroups (with
20mg/kg, p<0.001) and IF-IF subgroups
compared to IF-AL subgroups (with
20mg/kg, p<0.001 and with 60mg/kg,
p<0.01) had significant increases in total
traveled distances; however, total
traveled distances was not significant at
the 60mg/kg between AL-AL and AL-IF
subgroups (Figure 6).

Figure 7 shows that at both doses,
AL-IF subgroups compared to the AL-AL
subgroups (20mg/kg, p<0.01 and
60mg/kg, p<0.001) and IF-IF subgroups
compared to IF-AL subgroups (p<0.001)
had significant increases in rearing
behavior.

Stereological analysis. In each
group, the brains (both sides) of two
mice were examined. Numerical density
(neuron/mm3) of hippocampal CA1
neurons in the AL-AL subgroups was
significantly less than the AL control
group (p< 0.05). At both doses, the
numerical density of neurons in CA1
region of the hippocampus was
significantly less (p<0.05) in the AL-AL
subgroup compared to the AL-IF
subgroups (Figure 8). Additionally, the
higher dose of MDMA (60mg/kg)
produced a greater reduction in the
numerical density of hippocampal CA1
neurons; however, it was not significant.
Figure 9 and Figure 10 show that the AL-
IF subgroups had an increased
numerical density of neurons in CA1
region of the hippocampus; however, in
AL-AL subgroups, there was a decrease
two weeks after the administration of
MDMA.

DISCUSSION
In this study, we sought to determine

if an IF diet can protect albino mice from
MDMA-induced neurotoxicity in the CA1
hippocampal region by examining any
behavioral changes. For this purpose, we
compared MDMA-induced neurotoxicity
and behavioral effects between AL and IF
animal groups. Behavioral changes
(locomotor activity and anxiety) were
recorded by an open field test and
elevated plus maze, and neuronal
numerical density in the hippocampus
was evaluated by stereology after single
MDMA administration.

FIGURE 9. Numerical density of hippocampal CA1 neurons in AL-AL, AL-IF and AL control
subgroups. Cresyl violet stain of 30 µ paraffin sections. Scale bar= 100 µm 
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MDMA neurotoxicity and its behavioral
effects have been previously studied in
different strains of mice. These include
effects on tau phosphorylation;
monoamine assay; motor activity;
electrocardiogram (ECG) abnormalities;
neuronal degeneration in C57BL/6J;
locomotor activity; exploratory behavior;
anxiety; defensive behavior; neuronal
damage in BALBC, DA, and 5-HT
concentrations; hyperthermia; locomotor
response in Swiss Webster;
hyperactivity; social interaction; passive
avoidance; anxiety and brain monoamines
concentrations in OF1 mice; and free
radical formation, lipid peroxidation, and
neurodegeneration of DA nerve endings,
locomotor activity, and hyperthermia in
NIH/Swiss mice.8–11,19,21,52,59,62,63

The IF diet is an effective method for
neuroprotection and revival of the
neuronal system and recovery of
behavioral function in animal models of
neurotoxicity and
neurodegeneration.28,39,41,49,64

Effect of IF on anxiety behavior in
the EPM model. Anxiety influences
animal behavior in different ways and
causes mice to avoid places that entail
risk.65 The elevated plus-maze test is
based on the assumption that in a state
of anxiety the mice will have an aversion
to heights and open spaces, preferring
to spend more time in the closed arms
rather than in the open arms of the
maze. This model has been validated in
mice, and it is useful for evaluation of
anxiogenic-like and anxiolytic-like
properties of drugs.66 In the past decade,
a large number of pharmacological
studies on anxiety have been done with
this model. There is good evidence for
the neuropharmacological and
neuroanatomical parallels between
rodent emotionality and human anxiety.12

Typical exploratory behavior in this
test was in favor of the open arms;
forced or voluntary entry into the close
arms was associated with hormonal and
behavioral changes that are indicative of
anxiety.12,53 Animals were re-tested at 12
days post-gavage to assess long-term
anxiety levels.55

In our study, when EPM test was
carried out 30 minutes after the MDMA
gavage, AL treatment groups showed a
decrease in time spent in open arms

compared to the AL control and IF
groups, which indicated anxiety-like
behavior. On the other hand, IF treatment
groups showedan  increase in time
spent in open arms compared to the IF
control and the AL groups, indicating
anxiolytic-like behavior. When the EPM
test was carried out 12 days after of
MDMA gavage, subgroups that were
under IF protocol showed less anxiety-
like behavior than the AL subgroups. It
is noteworthy that the anxiety-like
behavior persisted in AL groups after 12
days of MDMA administration while
animals in IF groups showed negligible
signs of such behavior.This suggests
that the IF diet had a reparative effect,
leading to faster recovery from the
MDMA toxicity and a quicker return to
normal behavior.  

In previous studies, MDMA caused
anxiety-like behavior in drug users. The
consistency of human and animal
observations confirms the notion that
MDMA has anxiogenic-like effects.12

Studies in mice also report similar effects
of MDMA.53 MDMA is an active releaser of
neurotransmitters responsible for diverse
behavioral effects. It has moderate
affinities for a variety of receptor subtypes
of neurotransmitter systems, including
serotonin, dopamine, and noradrenaline,
that play important roles in the neural
processes that control anxiety.12

One of the leading behavioral effects of
the CR diet is a decrease in anxiety-like
behavior, which was also observed in the
mice.67 The anxiolytic effects of IF are not
due to a general decrease in calories or
reductions in specific caloric elements,
such as fat, protein, and carbohydrates, or
vitamins and minerals. For example, a
study of rats showed an anxiolytic-like
effect that continued for 10 days after the
normalization of feeding following 10 days
of CR.47

In various strains of mice, studies have
shown that animals maintained on a CR
diet display alterations in expression of
receptors, neuropeptides, and hormonal

FIGURE 10. Numerical density of hippocampal CA1 neurons in IF-IF, IF-AL and IF C groups.
Cresyl violet stain of 30 µ paraffin sections. Scale bar= 100 µm 
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release. For example, a CR diet has been
shown to increase neuropeptide orexin
levels, which mediate locomotor activity
and have anti- depressive effects.
Additionally, food restriction has been
shown to cause a significant increase in
prepro-orexin gene expression in obese
mice in comparison to AL-fed
animals.32,68,69 It is well known that
corticotropin-releasing factor (CRF) is
also involved in the expression of stress
and anxiety-like behavior via multiple
neurotransmitter systems.  The IF diet
appears to down-regulate CRF receptors
in several areas of brain, resulting in a
decrease of anxiety-like behavior in
rats.47 Mice lacking CRF receptor subtype
1 displayed reduction in anxiety-like
behavior compared to the wild type
animals.63 However, the exact
neurochemical mechanisms related to
the anxiolytic-like properties of IF have
yet to be determined and require further
investigation. 

Effect of IF on locomotor activity and
explorative behavior in the OFT model.
In our study, total traveled distance in
OFT was used to measure locomotor
activity, and rearing frequency was used
to measure explorative behavior of the
animals during OFT.10,47,64,65 In comparison
with control groups, MDMA induced
hyperactivity in AL groups, and,
additionally, in OFT the rearing activity
was almost absent during 60 minutes of
observation. This finding suggests that
the dosages of MDMA used in this study
produced a significant increase in
locomotor activity and a decrease in
exploratory activity, in concordance with
the anxiogenic-like profile of the drug
that confirms the findings of previous
studies.65–75

Several studies have established that
the alteration in MDMA-induced
locomotor behavior is due to its
interaction with 5-HT1B receptor. In
knockout mice lacking this receptor,
locomotor response was abolished after
MDMA administration.3,75

Release of serotonin is known to
produce hyperactivity in rodents, and
studies have shown that this effect is
produced through catecholaminergic
mechanisms. MDMA also binds with low
affinity to dopaminergic receptors and
releases dopamine.65 Moreover, it has

been suggested that hyperactivity
following psychostimulant
administration is a result of activation of
dopamine-releasing neurons placed
mainly in structures known communally
as the motive circuit. However,
hyperactivity induced by MDMA is
different from that induced by other
psychostimulants, such as
amphetamine. MDMA is thought to act
on 5-HT pathways and specifically co-
activate dopaminergic pathways in
mice.13 Increases in extracellular
dopamine have been reported following
the first few hours of MDMA
administration in mice.9,11

In our study, MDMA administration
caused a decrease of exploratory
behaviors (especially rearing) during the
OFT without reducing locomotion. This
behavioral profile is an indicator of
anxiogenic-like activity of the drug in
mice and is completely independent of
the 5-HT1B receptor.73 Additionally, after
the administration of MDMA, the IF test
groups showed more hyperactivity in the
OFT compared to the IF control group
and both AL groups; however, the IF test
group had lower rearing frequency
compared to the IF control. There was
an increase in exploratory behaviors and
locomotor activity in the IF animals
compared to the AL animals after MDMA
administration. Also, when OFT was
carried out on ninth day after MDMA
gavage, the experimental animals that
were under the IF protocol subgroups
still showed more hyperactivity than the
AL subgroups. Therefore, in this study,
IF caused persistent increase in
hyperactivity and exploratory responses
to MDMA administration. This could be
due to behavioral and neurobiological
relationship between ingestive and drug
seeking behaviors, as it has been
previously shown that chronic food
restriction enhances the rewarding
locomotor- and cellular-activating effects
of abused drugs.76 

Increased behavioral activity by
MDMA and IF could be due to elevated
serum corticosterone, which is a classic
indicator of stress in rodents and leads
to an increase of locomotor activity.77,78

MDMA also increases serum
corticosterone levels, and it has been
reported that elevated corticostrone

levels increase psychostimulants-
induced locomotor activity.4,10,79

Additionally, high serum corticosterone
levels in IF mice and rats have been
observed in several studies.32,47,80–83

Chronic food restriction (FR) generally
acts as a stressor and has been shown
to increase the locomotor and
neurochemical effects of
psychostimulants in mice and rats.84–87

Effect of IF on neuronal density of
hippocampus. Our data showed that
numerical densities of CA1 neurons in
the hippocampus of AL-AL subgroups
were less than other groups. The data
also showed that in the AL-IF group and
the other subgroups that were
maintained on IF diet before or after of
administration of MDMA, numerical
densities of CA1 hippocampal neurons
were higher compared to the AL-AL
subgroups. These results are supported
by previous studies.3,16,75 In animal
models of neurodegenerative disorders,
an IF diet is known to enhance
resistance of neurons to age-related and
disease-specific stresses, as well have
protective effects after toxic
insults.24,49–51,88

Thickness of pyramidal cell layer of
CA1 region has been previously used as
a marker to evaluate the alteration of
gross brain structures caused by IF.
Mice on an IF diet have thicker CA1
pyramidal cell layers than their control
counterparts.33 Additionally, an IF diet is
known to promote neurogenesis and has
been shown to have a neuroprotective
effect in different models. One
mechanism of these effects is the
expression of neurotrophic factors.37

More specifically, there is increase in
BDNF levels in hippocampus in IF
animals, and BDNF signaling is known to
regulate adult hippocampal neurogenesis
during an IF diet.37,89 During food
restriction, less glucose is available in
the mitochondria, leading to less ROS
production and to less damage to
proteins; DNA and membrane lipids are
lessened as well, leading to
neuroprotection.41,90 MDMA-induced
damage to neurons involves ROS
generation caused by massive release of
5-HT and other catecholamine
transmitters and their metabolic
intermediates that eventually leads to
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neuronal degeneration. Therefore, the
role that the IF diet plays in protecting
CA1 neurons after MDMA administration
is important in our study and requires
further investigation to determine how
ROS is involved in IF diet-induced
neuroprotection.9,17

The mechanisms whereby caloric
restriction enhances cognitive functions
and memory and resistance to aging and
neurodegenerative disease are studied
extensively.24,39,49,64 Animal studies
suggest that CR and specifically IF diets
may benefit the brain by reducing levels
of oxidative stress and enhancing
cellular stress resistance mechanisms.
Mild metabolic stress associated with
CR stimulates secretion of
neuroprotective factors, such as BDNF,
by cells to produce proteins that
increase cellular resistance to disease
processes.28,41,64 Interestingly, it has been
reported that the mouse brain exhibits a
greater increase in the number of injured
neurons in some brain regions,
especially in cerebellum, cortex, and
hippocampus after MDMA treatment
compared to that in rats.21 This finding
highlights the importance of interspecies
variation in neuroprotective mechanisms
after MDMA administration and requires
further investigation into the role the IF
diet plays. 

Some neurotransmitters, including 5-
HT and dopamine, play roles in the
regulation of hippocampal neurogenesis.
5-HT depletion decreases hippocampal
neurogenesis, and, similarly, dopamine
depletion affects neuronal proliferative
activity, although the specific effects of
dopamine on neurogenesis are still
arguable.22 It will be interesting to study
the effects of the IF diet on various
aspects of these neurotransmitter
systems in MDMA-treated mice. 

CONCLUSION
In conclusion, the results of this

study show that an IF diet leads to
significantly less anxiety-like behavior
and promotes faster recovery in mice
when compared to an AL diet.
Additionally, the IF diet exerted
neuroprotective effects on neurons of
the CA1 area of hippocampus. We
suggest that the behavioral and
histological effects of the IF diet be

further explored in rodent experimental
models for its possible role in the
treatment of MDMA-induced
neurotoxicity in humans. 
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